High concentrations of fluoride in drinking water result in fluorosis (dental/skeletal abnormalities) and several types of neurological damage 6) . Thus, high monovalent anion selectivity is demanded of anion exchange membranes (AEMs) for effective removal of NO3 -and F -. In addition, AEMs impermeable to sulfate ions are required to prevent precipitation of calcium sulfate during the ED process 13) . Calcium sulfate precipitates as a scale in the concentrated compartment and this is a significant problem in the ED process.
Furthermore, fouling is a serious problem in ED, as it is for RO and NF. In particular, the fouling of AEMs affects the ED process because most organic foulants, such as humic acid, surface-active agents and proteins, are negatively charged 14, 15) . Fouling causes an increase in the electrical resistance of the membrane, followed by increased energy consumption and the shortening of membrane life.
Recently, we succeeded in simultaneously improving both the monovalent anion selectivity and the antifouling potential of a standard AEM (Neosepta AMX, Astom Corp., Tokyo, Japan) by surface modification with layer-by-layer (LbL) deposition using poly(sodium 4-styrene sulfonate) (PSS) as a polyanion and poly(allylamine hydrochloride) (PAH) as a polycation 16, 17) . Generally, a standard AEM has a higher selectivity for multivalent anions than for monovalent anions. However, using our LbL deposition approach, the monovalent anion selectivity of AMX was improved to a level comparable to that of a monovalent anion selective AEM, Neosepta ACS (Astom Corp.). We had previously reported that the antifouling potential of AMX was significantly improved by single-layer PSS deposition 18) , but LbL deposition was more effective 16, 17) .
The properties of an LbL multilayer depend on the properties of the substrate surface on which the LbL layers are fabricated for the first several layer pairs 19) .
In this paper, we compared the effect of surface modification by LbL deposition on ACS and AMX membranes. We then investigated whether the properties of LbL multilayers depend on the surface properties of AEM. We propose that if the properties of LbL layers do not depend on the membrane surface, then improvement of monovalent anion selectivity and antifouling potential is possible on any AEM through LbL deposition. On the other hand, if the LbL layer properties are dependent of the underlying surface properties, then specific surface modifications will be required for each type of AEM.
Experimental

Materials
The experimental procedures in this paper were the same as those described in our previous paper, in which a Neosepta AMX membrane (Astom Corp., Tokyo, Japan) was used as the AEM 16, 17) . Here, a Neosepta ACS (Astom Corp.), which has strongly basic anion exchange groups, was used as the AEM because its surface properties are quite different from that of AMX. Table 1 lists the characteristic properties of ACS and AMX membranes and Fig. 1 shows scanning electron microscope photos of the original ACS and AMX surfaces. ACS is a special grade AEM with specific monovalent anion selectivity, while AMX is a standard AEM that does not have a specific monovalent anion selectivity. The ACS surface is partially covered by a surface layer of highly cross-linked resin, as shown in Fig. 1(a) , and this is responsible for divalent anion repulsion 20) . In Fig. 1(a) , the ACS membrane seems to have big holes. They are not holes of membrane but the structure of surface layer. Thus, the ACS surface consists of two regions, a surface layer with a negative charge and an original, underlying surface with a positive charge. On the other hand, the AMX surface is quite smooth, as shown in Fig. 1(b) . In addition, the ACS surface has a completely negative charge, while the AMX surface is slightly positive, as shown in Table 1 . The change of surface morphology was not To investigate the selectivity of the AEM, Na2SO4
and NaCl (Wako Pure Chemicals Inc., Osaka, Japan) were used as divalent and monovalent salts, respectively. A Neosepta CMX membrane (Astom Corp.) was used as a cation exchange membrane (CEM). All chemicals were used without further purification.
Surface modification and characterization
The PSS and PAH solutions used for surface modification were prepared by dissolving 0.3 kg/m 3 of either, with 1 M NaCl as a supporting electrolyte, in 10 mM Tris-HCl buffer (pH 7). The AEM was clamped between two cells (Fig. 3) Saitama, Japan) and the -potential was obtained from a streaming potential measurement using an ELS-4000 K instrument (Otsuka Electronics Co., Ltd., Osaka, Japan) in 0.01 kg/m 3 NaCl solution at room temperature. Fig. 3 shows the experimental setup for measuring fouling behavior 16 18) . The modified membrane surface was oriented to face the dilute compartment. In the setup shown in and (c) sodium dodecylbenzene sulfonate (SDBS).
Evaluation of antifouling potential
Experimental setup for fouling experiments.
was circulated from the reservoir through both compartments at 1. short. Thus, the transition time was used as a parameter that reflects the antifouling potential of the AEM.
Evaluation of monovalent anion permselectivity
Permselectivity between anions passing through
AEMs during ED is governed by both the affinity of the anions with membranes (ion exchange equilibrium constant) and differences in the migration speed of the respective anions (mobility ratios between the anions) 22) . To evaluate the monovalent anion selectivity of a modified AEM, the transport number ratio between sulfate and chloride ions was measured. The transport number ratio between SO4 2-and Cl -ions, P SO4 Cl is defined by Eq. (1) 8, 23) .
where tSO4 and tCl denote the transport numbers of Fig. 6 shows the ATR-FTIR spectroscopy measurements of the ACS and AMX membrane surfaces before and after modification. New peaks, attributed to the sulfonate group of PSS 24) , were observed after modification, and the presence of a PSS layer on the membrane surface was confirmed. Fig. 7 shows the -potential of the modified ACS and AMX membrane surface as a function of the number of layers. It can be found from Fig. 7 that the -potential of the PSS-terminated membrane surface (PSS top layer) was always negative, while, as expected, that of the membrane surface terminated with a PAH top layer was always positive. This inversion of surface charge is due to charge overcompensation at each sequential adsorption step 25, 26) . Fig. 7(a) shows that the absolute value of the -potential of ACS with an even numbers of layers (PAH top layer) was almost same as that with an odd numbers of layers (PSS top layer), for more than five or six layers. This indicates the degree of charge overcompensation by PAH was ATR-FTIR spectra of the original and modified membranes, (a) ACS and (b) AMX. almost same as that by PSS on the ACS membrane surface. On the other hand, it can be seen in Fig. 7(b) that the absolute value of the -potential of AMX with an even numbers of layers (PAH top layer) was higher than that with an odd numbers of layers (PSS top layer). Therefore, the degree of charge overcompensation by PAH was higher than that by PSS on the AMX membrane surface. In addition, for membranes with PSS top layers on ACS, the value of the -potential above five layers was similar to that on AMX above 15 layers. However, for membranes with PAH top layers, the -potential for ACS above five layers was lower than that of AMX above 15 layers. In these regions, the value of -potential was constant and did not depend on the layer numbers, indicating that the membrane surface properties were not significantly influenced by the support membrane surface but were determined instead by the LbL-deposited layers in these regions. However, the -potential of ACS with a PAH top layer differed from that of AMX so the properties of the LbL-deposited layer depended on the substrate membrane (ACS or AMX) even if the surface treatment process was exactly the same.
Results and Discussion
ATR-FTIR spectroscopy, -potential and water contact angle
In Fig. 7 , the region above five layers for ACS and above 15 layers for AMX is the region where the surface properties are determined by the LbL-deposited layers. In Fig. 7(a) , the -potential shifted to the value determined by LbL-deposited layer from the first layer. On the other hand, in Fig. 7(b) , the -potential shifted to the value determined by the LbL-deposited layer above seven or eight layers. Thus, it was found that the -potential change for ACS corresponded to that after seven or eight layers of AMX. The direction of change in -potential for ACS with a PSS top layer was opposite of that for AMX because the absolute value of the -potential for ACS with a PSS top layer -potential of (a) modified ACS and (b) modified AMX.
as the first layer was higher than that above five layers.
The absolute value of -potential for ACS with a PSS top layer decreased with an increasing number of layers and became constant above five layers. On the other hand, the absolute value of -potential for AMX with a PSS top layer for the first six to seven layers was lower than that above 15 layers. The absolute value of -potential for AMX with a PSS top layer then increased with an increasing number of layers and became constant above 15 layers. that the hydrophilicity of the membrane with a PSS top layer was higher than that with a PAH top layer, for both ACS and AMX membranes. This occurs because the hydrophilicity of PAH is lower than that of PSS 19) .
The water contact angle change for ACS initially differed from that of AMX but was similar to AMX with more than seven or eight layers, similar to the -potential behavior discussed above. For AMX, the first seven to eight layer depositions are necessary before the membrane surface starts to be fully covered by polyelectrolyte and the membrane surface properties are determined by the properties of the LbLdeposited layer above 15 layers 16, 17) .
The original ACS membrane had a negative charge because of the presence of a surface layer of highly cross-linked resin, as shown in Table 1 . It is reasonable to consider that the first layer of PSS (with a negative charge) was adsorbed not on the surface layer covered with negative charge but on the original substrate membrane surface with a positive charge. The negative charges were distributed more uniformly and the negative charge density on ACS with a single PSS layer increased over the original membrane, as shown in Fig. 7(a) . Thus, there was sufficient PAH to fully cover the ACS surface by the second layer deposition.
Therefore, the first layer deposition on ACS corresponded to that of seven to eight layers deposition on AMX, where the surface started to be fully covered by LbL deposition.
Antifouling potential
To evaluate the antifouling potential of the modified membranes, the transition time, i.e. the time elapsed before the onset of fouling, was measured 18) . Fig. 9 shows the transition time as a function of the number of layers, for the original and modified ACS and AMX membranes. It is known that both the hydrophilicity and the negative membrane charge density increase the antifouling potential of AEMs for organic foulants 27) .
It can be seen from Fig. 9 (a) and (b) that the transition times for an even number of layers (PAH top layer) were almost zero. When PAH formed the top layer of the membrane, the membrane surface charge was positive, as shown in Fig. 7 . Foulants would thus easily deposit and adhere to the membrane surface, owing to the electrostatic attraction between the negatively charged foulants and the positively charged membrane surface.
In contrast, for odd numbers of layers (PSS top layer), the transition time for AMX shown in Fig. 9(b) increased with the number of layers, and showed a maximum at seven layers, because the hydrophilicity of the membrane surface was a maximum at seven layers thick (i.e., the contact angle was at a minimum), as shown in Fig. 8(b) , and the surface charge was negative, as shown in Fig. 7(b) . The absolute value of the negative -potential for AMX with more than 15 layers was larger than the original AMX, as shown in Fig.   7 (b), and the contact angle was similar to the original AMX membrane, as shown in Fig. 8(b) . Thus, the transition time was larger than the original AMX membrane, even above 15 layers.
On the other hand, for odd numbers of layers (PSS top layer), the transition time for ACS showed a maximum with the first layer and decreased with the number of layers and approached zero. For ACS, the absolute value of negative -potential was the highest, as shown in Fig. 7(a) , and the contact angle was the lowest, as shown in Fig. 8(a) for the first layer. Therefore, the transition time was a maximum with the first layer. The absolute value of -potential decreased ( Fig. 7(a) ) and the contact angle increased (became more hydrophobic, Fig. 8(a) ) with an increasing number of layers. Thus, the transition time, i.e. the antifouling potential, decreased with an increasing number of layers and approached zero at 11 layers.
From Fig . 9 (a) and (b), the first layer on ACS seems to correspond to seven layers on AMX, as already discussed in Fig. 8 .
Monovalent anion selectivity
To investigate the permselectivity of the modified membranes, the transport numbers of SO4 2-relative to
Cl -were measured. The transport number ratio was obtained by substituting the ion flux and ion concentrations into Eq. (1) 18) . The transport number ratio depends on the time elapsed during the ED process 8) . The membrane surface properties and performances changed by the surface modification, but the membrane resistance did not increase. This is probably because the thickness of LbL layers is very thin (nm order) 25) compared with the thickness of membrane (about 0.14 mm) 28) .
Conclusions
To 
